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Abstract. The magnetic fields of neutron stars have a large range (∼ 3× 1010− 1015 G). There
may be a tendency for more highly magnetized neutron stars to come from more massive stellar
progenitors, but other factors must also play a role. When combined with the likely initial periods of
neutron stars, the magnetic fields imply a spindown power that covers a large range and is typically
dominated by other power sources in supernovae. Distinctive features of power input from pulsar
spindown are the time dependence of power and the creation of a low density bubble in the interior
of the supernova; line profiles in the late phases are not centrally peaked after significant pulsar
rotational energy has been deposited. Clear evidence for pulsar power in objects < 300 years old is
lacking, which can be attributed to large typical pulsar rotation periods at birth.
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INTRODUCTION
In the late 1960’s, pulsars were discovered in the Crab Nebula and the Vela supernova
remnant, proving the relationship between neutron star formation and supernovae. These
remained the only such associations for many years, but now, especially as a result of
X-ray observations, there are many more. There have also been discoveries extending
the known range of neutron star and supernova properties. These developments allow a
fresh look at the role of neutron stars in supernovae and their remnants.
THE VARIETY OF NEUTRON STARS
The effect of a neutron star (NS) on its surrounding supernova and the observability of
the neutron star depend on the magnetic field strength and the rotation period of the
neutron star. Recent studies of the radio pulsar population find a normal distribution
of initial rotation period with < P0 >∼ 300 ms and σP0 ∼ 150 ms and a lognormal
distribution of magnetic field with < log(B0/G) >∼ 12.65 and σlog(B0) ∼ 0.55 [1].
When magnetars are included in the neutron star population, the range of inferred
magnetic field for the population, including thermally emitting isolated NSs, radio
pulsars, and magnetars, is increased. Popov et al. [2] find a lognormal distribution with
< log(B0/G) >∼ 13.25 and σlog(B0) ∼ 0.6; about 10% of NSs are born as magnetars
in their model. The highly magnetized neutron stars are not generally radio emitters,
although there is some overlap between the two populations.
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Another approach to the population of NSs is to examine the compact sources at
the centers of young (≤ 3000 yr old) core collapse supernova remnants. The types of
compact objects and examples of each are:
• Rotation powered pulsars (or compact sources with wind nebulae) with external
interaction: G21.5–0.9, 0540–69, MSH 15-52, Kes 75, G11.2–0.3
• Rotation powered pulsars (or compact sources with wind nebulae) without external
interaction: Crab Nebula, 3C58, G54.1+0.3
• Magnetars: Kes 73, CTB 37B, G327.24+0.13
• Compact central objects: Cas A, Puppis A, G350.1–0.3
• No compact object detected: 1E 1202.2–7219.
Most of these objects are described in [3], where references can be found. More recent
discoveries involve the neutron stars in G21.5–0.9 [4, 5], CTB 37B [6], G327.24-0.3
[7], and G350.1–0.3 [8]. The rotation powered pulsars (RPPs) have been divided into
2 groups depending on whether the interaction with the external medium has been
detected; deeper observations may result in the observation of such interaction, as in
the case of G21–0.9 [9]. Among the rotation powered pulsars studied in [3], the range of
estimated initial periods is 10−100 ms, with an average of 40 ms. These estimates are
smaller than the estimate of the mean from the radio pulsar population [1], suggesting
that only the high ˙E part of the young pulsar distribution is being observed. Young
pulsars with low ˙E and weak external interaction would be difficult to detect.
An important recent development is the study of X-ray periods and ˙P’s for 3 compact
central objects (CCOs). The results on the period and magnetic field are 105 ms and
3.1× 1010 G for Kes 79 [10], 112 ms and < 9.8× 1011 G for Puppis A [11], and 424
ms and < 3.3×1011 G for G296.5+10.0 [12] . Pulsations have not been detected from
the compact X-ray source in Cas A, but a recent interpretation of the X-ray spectrum in
terms of a carbon atmosphere indicates a magnetic field < 8× 1010 G due to the lack
of line features [13]. These results imply that there is a significant population of low
magnetic field neutron stars that are not included in the radio pulsar population because
of their low radio luminosities. The numbers are small, so it is not possible to draw
firm conclusions about the distribution of pulsar magnetic fields. As with pulsars with
long initial periods, central compact objects in remnants with weak external interaction
are probably missing from the current observed population. The 3 observed CCOs with
periods have such low magnetic fields that little evolution in period is expected over
the age of the remnant. The 3 objects have an average P of 214 ms, which is close
to the mean of 300 ms estimated for young radio pulsars [1]. In this case, the X-ray
luminosity is thermal and may not be related to the spin rate, so that the periods are
more representative than for RPPs.
Magnetars are observed to have long periods ∼ 5− 12 s and are presumed to be
strongly spun down, so there is little information about their initial periods in their
current spin parameters. In the dynamo theory for the buildup of the high magnetic
field, the initial period is 1−2 ms and the rotational energy is rapidly deposited in the
supernova [14]. The prediction of this model is that the supernovae should be of high
energy and magnetars could have high space velocities [14]. These predictions have
not been confirmed [15], so a ms birth period does not appear to be required for the
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formation of a magnetar.
For magnetic dipole radiation with a neutron star radius of 106 cm and sin2 α = 1/2,
where α is the angle between the magnetic and the rotation axes, the spindown power of
a pulsar is ˙E ≈ 6×1034B213(P/300 ms)−4 ergs s−1, where B13 is the pulsar magnetic field
in units of 1013 G and P is scaled to the mean found in [1]. For B = 1011 G and P = 100
ms, ˙E = 5×1032 ergs s−1, which is less that the typical thermal luminosity emitted by
CCOs. Thus, such a neutron star is plausible for the remnant 1E 0102.2 in the SMC,
which is found to have an X-ray luminosity that is below that of the Cas A CCO [16].
Kaplan et al. [17] have set limits on central sources in shell remnants below 1/10 the
Cas A CCO luminosity. In the case of 1E 0102.2, a massive star event is indicated for
the young remnant, whereas Type Ia events or a central black hole remain possibilities
for the others. However, the likely low ˙Es for pulsars can easily account for faint central
sources.
PROGENITORS AND MAGNETIC FIELDS
The results described in the previous section show that the range of magnetic fields
for young neutrons is large: from 3× 1010 G to 1015 G. The factors that determine
the range are not understood, but the mass of the progenitor star may be related to the
field strength. An indication of this came from the finding that the magnetars CXO
J164710.2-455216 and SGR 1806-20 are associated with young stellar clusters that
imply a progenitor mass > (40−50) M⊙ [18, 19]. However, the magnetar SGR1900+14
was found in a cluster with lower mass stars, implying a progenitor mass of 17±2 M⊙
[20]. A magnetar lies within the young remnant Kes 73 [21], which shows evidence for
circumstellar interaction that can be interpreted as indicating a Type IIL/b progenitor
[3]; this would imply an intermediate mass progenitor.
The technique of using an associated cluster to estimate progenitor mass was recently
used to estimate the progenitor mass of G54.1+0.3, yielding a mass of ∼ 17 M⊙ (B.
Koo, in prep.); in this case, the P and ˙P of the pulsar imply a magnetic field of 1×1013
G. In other cases associated clusters are generally not observed, so that other means
must be used to estimate the progenitor mass. There are number of ways in which the
core collapse supernova Type can be inferred from observations of young supernova
remnants [3]. The main Types are IIP, where the explosion occurs with most of its H
envelope intact, IIL/b in which only a fraction of the H envelope is left at the time of
the explosion, and Ib/c in which the H envelope is completely lost. For single stars, this
listing of Types is in order of increasing progenitor mass, but the later Types may occur
at lower masses for stars in close binary systems.
The compilation of objects in [3] did not show a clear trend of magnetic field strength
with Type. However, 0540–69 was listed as a Type Ib/c event, but recent observations
show that it has low velocity hydrogen [22], so it is more likely to be a Type IIP. With
this change, there does appear to be a trend with Type, such that the likely more massive
progenitors leave more strongly magnetized pulsars.
Other recent observations have led to new information in this area. As mentioned in
the previous section, the X-ray spectrum of the Cas A central source suggests a low
magnetic field, < 8× 1010 G. Observations of the light echo of the Cas A supernova
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have shown that it was a Type IIb event, like SN 1993J [23]; the supernova had been
previously inferred to be of this Type from the properties of the supernova remnant [3].
Nucleosynthesis constraints suggest a progenitor mass of Cas A of (15−25) M⊙ [24].
The Puppis A remnant, which also has a neutron star with low magnetic field, was also
inferred to have a Type IIL/b supernova based on the circumstellar interaction and the
composition of freely expanding ejecta [3]. On the other hand, the Crab Nebula, which
has a pulsar with an estimated field of 4×1012 G, is inferred to have a progenitor mass
of (8−10) M⊙ from nucleosynthesis arguments. The progenitor mass is lower that that
of the CCO’s, but the magnetic field is higher. Over the entire range of magnetic field
(3×1010−1015 G), there is some tendency for more massive progenitors to yield a more
highly magnetized neutron star, but it is clear that other parameters, such as rotation,
metallicity, or binarity, must also play a role.
NEUTRON STARS IN SUPERNOVAE
In SN 1987A, neutrinos were observed over a time of 10 s, indicating the presence of
a neutron star on that timescale [25]. The youngest neutron star in a remnant is the Cas
A compact object, so there is period from 10−1010 s over which neutron stars are not
clearly observed. Although direct evidence is lacking, there is the expectation that pulsar
power should be present in supernovae and so there has been attention to the ways in
which that power might manifest itself.
The notion that pulsar power is responsible for the light curves of core collapse
supernova was proposed soon after the discovery of pulsars. Initial models attributed
the explosion energy as well as the light to the pulsar [26], but the sweeping of all the
progenitor mass into a shell, as expected in this case, is not compatible with observations.
Subsequent models assumed that there was an initial explosion and that the pulsar power
was responsible for the light curve [27, 28]. However, models with an instantaneous
explosion in a massive star at the end of its evolution with allowance for power from
radioactivity have been widely successful in reproducing supernova light curves and
spectra, so that pulsar models have not been favored.
The discovery of peculiar and luminous supernovae has brought back the idea of
pulsar power [29, 30, 31]. With magnetar power, the timescale for power input from the
pulsar may be comparable to the diffusion time for radiation, so that the pulsar rotational
energy can be efficiently turned into radiation for the light curve. Some assumptions
are made in these models. One is that the spindown power for the pulsar is given
by the formula for a rotating magnetic dipole in a vacuum. A newly formed neutron
star would find itself in an especially dense environment. Fallback of matter from the
surrounding supernova can accrete to the neutron star; this effect may be important
for pulsar magnetic fields ∼ 1012 G, but at magnetar fields, the magnetic effects are
likely to dominate near the neutron star [32]. The application of the spindown formula
still requires that supersonic/superAlfvenic flow develop around the pulsar so that the
vacuum solution applies. In the standard MHD picture for pulsar nebulae, the flow in the
wind nebula must decelerate from mildly relativistic velocities near the wind termination
shock to the velocity of the outer boundary. For the case of a slow outer boundary,
as expected for a recently formed pulsar, this is likely to require a pulsar wind with
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relatively small magnetization.
Observed pulsar wind nebulae are not especially radiatively efficient. Most of the
pulsar spindown power goes into the internal energy of the shocked wind bubble and the
kinetic energy of the swept up shell [3]. The nebula with the highest radiative efficiency
is the Crab Nebula, which radiates ∼ 1/3 of the pulsar spindown power in synchrotron
radiation; the high efficiency is due to the high magnetic field resulting from the high
spindown power and youth of the system. For the very young pulsars considered here,
synchrotron radiation losses are expected to be even more efficient. Inverse Compton
losses of energetic particles in the supernova radiation field are also efficient at early
times.
Another issue is the degree of asymmetry of the pulsar nebula. Models of gamma-ray
bursts with magnetar power have shown that relativistic jets can be produced for a 1015
G neutron star with a (1−2) ms initial rotation period [33, 34]. An important effect in
producing the collimation is the buildup of toroidal magnetic flux in the shocked wind
nebula and the hoop stresses of the toroidal flux. Once the jet breaks out of the star, most
of the pulsar power goes into jets and not into the supernova envelope. The models
considered by [30] have initial pulsars with lower magnetic fields, but comparable
rotation energies and asymmetries could limit the transfer of power to the supernova
envelope.
Given the parameters ejecta mass M and pulsar initial spin P0 and magnetic field B,
values can be found that approximately reproduce the peak luminosity and timescale of
very luminous supernovae [30]. In particular, the values M = 5 M⊙, P0 = 2 ms, and
B = 2× 1014 G give a reasonable fit to the luminosity of SN 2008es [30, 35, 36].
However, the luminosity does not provide a strong constraint on the model. Another
source of power, such as interaction with dense mass loss, could presumably give a
similar result if the mass loss parameters could be varied. What is needed are properties
of the magnetar model that are characteristic of this mechanism. With the assumption
of evolution with constant braking index n, the pulsar power has the time dependence
˙E ∝ (1+ t/tp)−(n+1)/(n−1), where tp is the initial spindown timescale. Measured braking
indices cover a range from 1.4 to 2.9 (see [3] for references). The light curve thus evolves
to a power law with time in the declining phase, with the power law index ranging from 2
to 6, if the braking indices from pulsars with ages 103−104 yr are applicable to the early
times considered here. As discussed by [36], the decline of SN 2008es is approximately
exponential and drops below the magnetar model at an age ∼ 100 days [30]. Another
supernova, SN 2010gx, had similar luminosity, light curve shape, and temperature to SN
2008es, and was followed to a fainter magnitude relative to the peak [37]. The sharp drop
of 5 magnitudes appears to be incompatible with the slow decline expected with power
input from 56Co decays or spindown of a pulsar, even with n = 1.4. The light curve
can presumably be reproduced by interaction with dense mass loss near the supernova,
although the required density distribution is ad hoc. One difference between SN 2010gx
and SN 2008es is that SN 2010gx did not show lines of H or He. However, SN 2010gx
is representative of a group of events [37] and their similar properties suggests that the
same mechanism may be operating in all of them.
Other distinguishing properties of pulsar power may come from spectroscopic obser-
vations. With pulsar power in a supernova, the power goes into inflating a wind bubble
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in the supernova interior, bounded by an accelerating shell [38]. The shell acceleration
stops when most of the pulsar rotational energy has been deposited so that the shell freely
expands with the supernova ejecta. Using their magnetar model, Kasen and Bildsten [30]
modeled the luminosity evolution of SN 2007bi, which was suggested to be a pair in-
stability supernova with power input from radioactivity [39]. The light curve showed a
decline over 100’s of days that was consistent with radioactivity, but the late emission
expected from pulsar power also gives a reasonable fit. A distinguishing feature is pro-
vided by the late spectroscopy, which show centrally peaked lines, including Fe lines,
as expected for radioactive power input. In the pulsar power case, there should be rel-
atively little material at low velocity. Even though pair instability supernovae had not
been expected for stripped envelope stars, which is the case for SN 2007bi, radioactivity
is the preferred mechanism. This is also the case for SN 1998bw, which [31] investi-
gated as a possible supernova light curve with pulsar power, but noted that radioactivity
provided a more natural explanation for the luminosity evolution. The late spectra of SN
1998bw show centrally peaked line emission [40], which is another problem for a pulsar
interpretation.
Even if pulsar power does not dominate the supernova light, there is the possibility
that it plays some role, especially at late times when the main supernova light has
faded. Strong limits have been set in the case of SN 1987A, where the lack of optical
evidence for a compact object suggests a power < 8× 1033 ergs s−1 [41]; searches
for a compact object at radio and X-ray wavelengths have also come up empty [42].
As the ejecta expand, there is a better chance to observe through the ejecta to the
central compact object, but the strengthening interaction with the circumstellar medium
makes observations of the center more difficult. Continuing circumstellar interaction in
supernovae generally hinders the observation of a central compact object. SN 1986J
showed signs of a central compact object at radio wavelengths, but recent observations
show that circumstellar interaction is a possibility [43]. Perna et al. [44] have recently
gathered X-ray observations of supernovae; most are upper limits and those that have
been detected have generally been attributed to circumstellar interaction. Assuming a
standard relation between X-ray luminosity Lx and ˙E, Perna et al. find that the limits rule
out most pulsars being born with periods in the ms range. On a timescale of 4− 10 yr
after the explosion, the heating and ionization of the supernova material by the energetic
radiation from a pulsar nebula can lead to observable effects at optical wavelengths [45].
The characteristic increasing velocity with age expected in this situation has not yet been
observed.
Observations of neutron stars have shown evidence for a broad range of initial mag-
netic fields. Initial periods are more uncertain, but the evidence points to relatively long
(≥ 100 ms) periods being typical. The result is that pulsars do not generally manifest
themselves in supernovae, but there should be rare cases of initially energetic pulsars
that have an observational effect. We may have already observed such cases, but the
evidence for any particular event is not yet secure.
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